We present the evolution of the surface crack front in prestressing reinforced-concrete steel wires subjected to fatigue in air and to corrosion fatigue in Ca(OH) 2 + NaCl . To this end, a numerical modeling was performed on the basis of discretization of the crack front (with elliptic shape) by considering that the crack advance at each point is perpendicular to the analyzed front according to the Paris-Erdogan law and using a three-parameter solution for the stress intensity factor (SIF). Each analyzed case (a particular geometry of the initial crack) was characterized by the evolution of the aspect ratio of the semielliptic crack (ratio of the semiaxes of the ellipse) with the relative crack depth and by the variations of the maximum dimensionless SIF at the crack front.
equal to 0.5 both in air and in an aggressive environment in the form of a 1 g/liter Ca(OH) 2 + 1 g/liter NaCl solution for the free corrosion potential. The results were fitted to the Paris-Erdogan law [9] in the form
by obtaining the coefficients of the Paris law for prestressing steel in both environments.
As for the Paris exponent m, the experimental results were m = 2.27 for the fatigue crack propagation in air and m = 0.70 in the case of Ca(OH) 2 + NaCl corrosion fatigue. A clear decrease in the m-exponent was observed in the case of corrosion fatigue despite the elevation of the curve caused by the increase in the coefficient C from 1.78 ⋅10 −11 for the fatigue crack propagation in air to 2.04 ⋅10 −8 in the case of Ca(OH) 2 + NaCl corrosion fatigue (in the corresponding units for ΔK measured in MPa m and da/dN measured in m/cycle).
Numerical Modeling
To study the process of crack propagation in the cross section of a round bar under tensile cyclic loading, a computer program in the Java language was developed to determine the geometric evolution of the crack front. The basic hypothesis of modeling is reduced to the assumptions that the crack front can be modeled by an ellipse with center on the surface of the bar [7] and that the fatigue crack propagation takes place in the direction perpendicular to this crack front and obeys the Paris-Erdogan law [9] .
Every elliptic arc of the crack was split into z segments of identical length by using the Simpson method to discretize the front. The point on the surface of the cylinder is not taken into account, since it presents difficulties connected with the computation of the stress intensity factor (SIF) K because there is a plane stress state on the crack edge. After this, every single point was shifted according to the Paris-Erdogan law in the direction perpendicular to the front in order to keep constant the maximum increment of the crack depth Δa(max) ≡ max Δa i . The advance of every point of the front Δa i can be obtained from the maximum crack increment and the ratio of the dimensionless SIF
where σ is the remote stress applied far from the crack and a is the crack depth, as follows:
The newly obtained points, fitted by the least-squares method, generate a new ellipse for which the process of crack advance is repeated iteratively until the desired crack depth is reached (the maximum crack advance was up to 80% of the diameter of the bar). Due to the existing symmetry, only a half of the problem was used for computations.
The number of cycles necessary for the fatigue crack propagation from the initial crack depth a i to the final crack depth a f can be found by introducing the following equation for the SIF range: (4) in the Paris-Erdogan law and deducing the expression
ΔK = Y Δσ πa
The dimensionless number of cycles n is given by the formula
where the SIF is computed at the central point of the crack x/h = 0 (and, thus, the dimensionless SIF turns into a function of two parameters) and the integral is incrementally computed by applying the trapezoidal rule for the successive crack advances.
Dimensionless SIF
The dimensionless SIF used in the computations performed in the present work was proposed by Shin and Cai [13] and obtained by the finite-element method combined with a virtual crack extension technique, which depends on the geometry of the crack a/b (aspect ratio, i.e., the ratio of the semiaxes of the ellipse), the relative crack depth a/D , and the relative location of the current point on the crack front x/h (Fig. 1) .
The analytic fitting performed on the basis of the finite-element results gives the following three-parameter expression for the dimensionless SIF Y : 
The coefficients M ijk used in the present work were obtained by Shin and Cai [13] for a special case of tensile loading with free ends (see Table 1 ).
The choice of the most adequate values of K in a round bar (to be used in the proposed research) was made on the basis of the critical review in [14] (Fig. 2) . The K -solution depends on numerous parameters involved in the analysis, namely:
(i) when only one parameter, such as the relative crack depth (a/D) , is required, then the pioneering solution by Valiente is very adequate the for straight-fronted (or very slightly-curved) edge-cracks; (ii) when two parameters, such as the relative crack depth (a/D) and the aspect ratio of the crack (a/b) are required, then the solution proposed by Astiz is the most adequate solution for the evaluation of the SIF at the crack center (it exhibits the best performance among all solutions), whereas Carpinteri provides good solutions on the crack surface;
(iii) when three parameters, such as the relative crack depth (a/D) , the aspect ratio of the crack (a/b), and the position on the crack front (x/h) are required (as in the present research work on the corrosion fatigue of high-strength prestressing steels), then the solutions obtained by Shin and Cai are recommended (although they are not so good as the Astiz solutions); moreover, these are the only solutions capable of distinguishing between the free and constrained ends in the analysis.
Results and Discussion
The geometric evolution of the crack front described as a part of an ellipse was determined for each relative crack depth a/D via the aspect ratio of the crack a/b. In Figs. 3a, b , we show how the crack grows in prestressing steel wires immersed in air and in the Ca(OH) 2 + NaCl aggressive environment for different initial geometries of the crack: relative crack depth (a/D) i from 0.1 to 0.5 and aspect ratio of the crack (a/b) i from 0.08 (quasistraight crack front) to 1 (circular crack front).
The results show that the fatigue crack propagation exhibits a preferential crack path toward which all a/b − a/D plots converge for different initial geometries of the crack. This effect is much faster in air (higher exponent m of the Paris law) than in the aggressive environment (with lower exponent m of the Paris law). If the initial crack front is quasistraight, i.e., (a/b) i = 0.08, then the fatigue crack propagation takes place for more curved fronts, initially in air and later in the aggressive environment (with the exception of initially deep cracks for which a/b is always higher in air). On the other hand, starting from initially circular cracks with (a/b) i = 1, the fatigue crack propagation takes place for higher values of a/b (more curved fronts) in the case of aggressive environments.
In Figs. 3c, d , we present the plots of the evolution of the maximum dimensionless SIF Y max (the highest value of Y along the crack front) when the crack grows from different initial configurations in prestressing steel wires under the conditions of conventional fatigue and corrosion fatigue. In general, the value of Y max increases with the relative crack depth (a/D) and decreases with the crack aspect ratio (a/b). In the process of fatigue crack growth, the influence of the relative crack depth is higher than the influence of the aspect ratio due to the existence of the preferential crack path (convergence in the a/b − a/D plot). The value of Y max is higher in the case of quasistraight initial crack front with (a/b) i = 0.08 than in the case of circular front with (a/b) i = 1. The situation is more pronounced when the crack propagation is small and when the initial cracks are deeper. In addition, Y max exhibits a rapid convergence in the process of fatigue crack growth for all initial geometries of the cracks analyzed in the present work (faster in air than in the aggressive environment).
The minimum-to-maximum ratio for the dimensionless SIF Y min /Y max (Figs. 3e, f) tends to higher values for initially straight crack fronts than in the case of initially circular crack fronts (although the trend is opposite for the initial stages of cracking). In addition, Y min /Y max is equal to 1.0 (the iso-K relationship) for all initial geometries when the crack reaches a relative depth equal to 0.8 in the case of fatigue in air but not in the case of corrosion fatigue.
In Fig. 4 , we present the numbers of cycles necessary for the fatigue crack propagation in air and in the aggressive environment (up to fracture following the local criterion K I = K IC ) for Δσ equal to Δσ Y in prestressing steel wires with a diameter of 7 mm. The fatigue life of initially straight cracks is shorter than the fatigue life of initially circular cracks. Therefore, caution should be taken in hydrogen-assisted fracture processes in which the initial defect (hydrogen-assisted pre-damage) usually takes the form of a very shallow crack whose geometric model could tend to a quasistraight flaw. In addition, it is observed that the number of cycles to fracture in the case of corrosion fatigue is lower and the plot is quasilinear, whereas in the case of fatigue in air, the number of cycles exhibits a pronounced change of the slope (very sloping at the beginning and quasihorizontal at the end).
CONCLUSIONS
The following conclusions can be made on the basis of the numerical analysis performed in the present work:
(i) For all initial crack geometries analyzed in the present work, the process of fatigue crack propagation in the prestressing steel exhibits a preferential crack path in which the convergence is faster in air than in a solution of Ca(OH) 2 + NaCl due the important decrease in the Paris exponent m in the aggressive environment.
(ii) If the initial crack front is quasistraight, i.e., (a/b) i = 0.08, than the fatigue crack propagation takes place for more curved fronts initially in air and latter in the aggressive environment (with the exception of initially deeper cracks for which a/b is always higher in air). For initially circular cracks with (a/b) i = 1, the fatigue crack propagation takes place for higher values of a/b, i.e., for more curved fronts, in the aggressive environment.
(iii) The dimensionless SIF (Y max ) exhibits, during fatigue crack propagation, a strong dependence on the relative crack depth and a much weaker dependence on the crack aspect ratio (with the exception of shallow cracks of small depth), showing higher values for the initially straight cracks than for the circular cracks. In addition, Y max exhibits a faster convergence in the process of fatigue crack growth, higher in air than in the aggressive environment.
(iv) The fatigue life of initially circular cracks is longer than the fatigue life of initially quasistraight cracks (and, therefore, caution should be taken in hydrogen-assisted fracture processes). In addition, it is observed that the harmful effect of the aggressive environment on the performance of the material in the case of corrosion fatigue is reduced to a clear decrease in the corrosion-fatigue life as compared the service life under cyclic loading in air.
